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Introduction and Objectives 
      The Mediterranean region is prone to frequent forest fires. To elucidate the impact of fires 
on environmentally relevant physical and chemical properties of the soil as well as on the 
chemical composition of soil organic matter an ad-hoc experiment was designed. 
Representative soils from Central Spain under forest (O horizon, Lithic Leptosols under 
Quercus ilex and Pinus pinaster) and agricultural soil (Ap horizon, Luvisol) were thermally 
treated; whole sol samples were isothermal heated in an electric furnace at 350 °C in three 
time steps up to 600 s. 
     This experimental approach was followed in order to investigate ‘fire intrinsic effects’, 
since most previous studies based on comparisons between samples taken from undisturbed of 
fire-affected soils in most cases reflect the effect of the incorporation to soil of carbon forms 
from the charred forest biomass. Isolating the effects of fire from those due to the 
accumulation of heated plant biomass in soil is especially relevant in the research about 
changes in soil physical properties such as hydrophobicity (1). Thermal distillation of 
hydrophobic extractives in the early burning stages of most plant materials and its 
translocation into soil horizons is frequently invoked as responsible for soil water-repellence 
(2), mainly in forest environments and soils under Mediterranean conifer or sclerophyllous 
vegetation, which is known to yield substantial amounts of epicuticular waxes, and resins 
(3,4). 
      Nevertheless, detailed study of several inter-related factors involved in soil water 
repellence suggest that qualitative changes in soil organic matter, including changes in the 
speciation status of the aliphatic constituents (i.e., free compounds , associated to humic 
substances linked to the soil organo-mineral matrix) should no be neglected during the 
interpretation of the changes fire-affected soils properties of (5) . 
Methodology 
      In this study, based on whole soil samples, the isolation and quantitative analysis of the 
humus fractions were carried out in order to quantify extractive and humic-type fractions of 
different hydophobicity. The fractionation method used included previous isolation of soil lipid 
with petroleum ether 60–70 oC, and further physical separation of the particulate soil fraction 
consisting of (at least in non-heated samples) not-yet decomposed organic remains (free organic 
matter; flotation in 0.1 M H3PO4). The soil residue (I) was extracted with 0.1 M Na4P2O7 and 0.1 
M NaOH. The brownish supernatant solution (total humic extract) was used for quantitative 
determination of the acid-soluble (fulvic acid) and the acid-insoluble (humic acid) fractions. The 
remaining soil residue (II) was subjected to repeated treatments with a mixture of 60 mM 
Na2S2O4 and 1 M HCl-HF (1:1) at 60 oC to remove the Al and Fe oxides and clay, respectively, 
then extracted with 0.1 M NaOH to obtain the humic colloids which were in stable association 
with the soil mineral matrix (insolubilised extractable humin).  
      Lipids were methylated with trimethylsilyldiazomethane and analysed in a HP GCD System 
fitted with a 25 m × 0.22 mm i.d., OV-101 column. 
      In order to monitor the changes in the different soil C forms in whole soil samples, solid 
state CPMAS 13C NMR spectra were acquired with a Bruker DSX 200 spectrometer operating 
at a 13C resonance frequency of 50.3 MHz, and using a Bruker double-bearing probe with 7-
mm outer diameter, phase-stabilized zirconium dioxide rotors. The cross-polarization (CP) 
magic-angle spinning (MAS) technique was applied at 6.8 kHz. 
Results and Discussion  
      The results showed soil-dependant changes in the general analytical characteristics of the 
soils. The C- and N-losses as a function of treatment time showed no major changes up to an 
oxidation time of 300 s. After 600 s, on the other hand, a considerable C-loss between 21% 
(Luvisol) to 50% (Leptosol under pine) was observed. The lower N-loss ca. 4% (Luvisol) and 
21% (Leptosol under pine) confirmed the selective loss of C and the concomitant relative 
enrichment of nitrogen. 
      Paralleling the loss of organic matter, the Leptosols showed an increase of the pH and 
electrical conductivity. The former change is explained as formation of mineral oxides and the 
early removal of carboxyl groups, whereas the latter points to a relative enrichment of ashes 
and subsequent concentration of inorganic ions with increasing heating time. Both changes, 
however, are expected to have positive impact on the recovery of the post-fire vegetation. 
      The most significant changes were observed in soil water repellency. The water drop 
penetration time (WDPT) in oak soil increased from 2 to 11 seconds in samples heated up to 
300 s, then to 5 700 seconds after heating for 600 s. In the case of the pine forest the WDPT 
was 626 s after heating for 300 s, and ca 6 000 s after heating for 600 s 
 
 
 
Fig. 1. Changes in concentration of total lipid in laboratory-heated whole soil samples at 
a constant temperature (350 ºC) and variable heating time (0, 300 and 600 s). 
 
Apart from the expected changes in soil organic matter e.g., selective destruction of 
thermolabile soil fractions such as free organic matter and carbohydrate, and resilience of 
macromolecular (humic acid) and mineral-linked (humin) organic fractions (6), it is worthy to 
mention the systematic and progressive decrease in soil free lipid in all soils studied (Fig. 1), 
indicating that this hydrophobic fraction is: i) volatilized  and burnt, ii) is not generated and 
accumulated in the soil (with a positive balance) after pyrolytical cracking or after any release 
of entrapped lipids from the free aliphatic domain of humic substances and humin. In 
summary the results shows that the lower the lipid content, the higher the soil water 
repellence. 
      The quantitative analysis of the whole soil samples by solid-state 13C NMR spectroscopy 
(Fig. 2) evidenced the concentration of newly-formed aromatic structures from dehydration 
and cyclation of carbohydrates, lipids and peptides. The early decarboxylation, depletion of 
O-alkyl hydrophilic constituents and the accumulation of aromatic structures paralleled the 
increase in the WDPT, which should then not depend only on soil free lipid, but on the 
changes in the surface properties of the macromolecular soil organic fractions. Detailed 
examination of the spectra clearly show the removal of carboxyl groups (contributing to the 
intensity of 173 ppm C=O signal), the selective depletion of melanoidins, or carbohydrate-like 
structures (hydrophilic moiety with alcoholic OH groups, producing the diagnostic signals at 
72 and probably 104 ppm (shared with tannins)). Quantitative analysis of the C-balance in the 
charred residues (black-carbon like) shown in Fig. 2, 600 s, indicated: i) newly-formed 
aromatic and/or unsaturated, unsubstituted structures (~ 130 ppm), ii) a resistant aliphatic 
domain (alkyl or N-containing flexible backbone) and, iii) some residual C=O groups which 
ought not to be exclusively assigned to heat-resistant carboxyl, ester or lactone 
intramacromolecular groups, but probably to amides (protein signals overlapped with 
carbonyl, methoxyl and alkyl regions in 13C NMR). 
 
 
Fig. 2. Solid state, CPMAS 13C NMR spectra of laboratory-heated whole soil samples at 
a constant temperature (350 ºC) and variable heating time (0, 300 and 600 s). Asterisks 
indicate spinning side-bands.   
 
      Soil lipid fraction showed systematic qualitative and quantitative changes. The 
concentrations of oxygen-containing alkyl compounds alcohols, alkanoic diacids or fatty 
acids, were not highly modified by the effect of progressive heating. In particular fatty acids 
were comparatively resistant to severe heating.  
      Concerning the cyclic lipid compounds, a series of typical transformations were observed 
in di- and sesquiterpenes, resin acids and steroids, mainly aromatization, ring opening, 
removal of vinyl groups in pimaranes and final defunctionalization to yield polycyclic 
aromatic hydrocarbons (7). However these molecules providing important information as 
quantitative proxies for fire effects were in significant concentration only in pine soil. The 
changes observed were not always linearly related to fire intensity, and probably these 
compounds had not substantial effect on the after repellency in the soils analyzed in this 
study. 
 The changes after heating were also significant in the series of linear saturated hydrocarbons. 
The alkane series from the control soil showed a maximum close to C31 and a predominance 
of the odd-C numbered chains. After heating, the homologue series tend to show higher 
amounts of comparatively short-chain alkanes (<C25) and no odd-C number preference. Such 
thermal transformations suggesting chain breakdowns were observed in the three soils 
studied, were more intense in the cultivated soil, and are not considered causally relevant as 
regards soil water repellency, which in any case should be higher with the long-chain lipids in 
the non-heated soils showing typical saw-tooth-like patterns indicative of its origin from 
protective epicuticular lipids from waterproof leaf surfaces in vascular plants. 
      As a whole, the results reinforce the importance of the changes in the solubility properties 
of humic substances, the removal of oxygen-containing functional groups in soil organic 
matter, and the structural rearrangement of the backbone of fire-affected humic substances—
probably with a more condensed structure and intra-molecular bridging favored by 
endothermic condensations and cyclisations of aliphatic constituents via free-radical cross-
linking (8), as major factors with a role on the loss of hydrophilic properties of soils affected 
by fires. 
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